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New  Tools  for  Measurement  of  Personal  Exposure  to  Chemieal  Environments 

ABSTRACT 

The  primary  objective  of  this  research  was  to  demonstrate  principles  based  on  the  orientational  behavior  of  liquid  crystals  at  chemically 
functionalized  surfaces  for  passive  sensing  of  targeted  toxic  gases,  including  chemical  warfare  agents.  Included  in  this  research  was  the 
systematic  study  of  the  competitive  interactions  of  thermotropic  liquid  crystals  and  P-,  N-  and  S-containing  compounds  with  surfaces 
presenting  metal  carboxylates.  Emphasis  was  directed  to  developing  principles  that  lead  to  highly  sensitive  and  selective  ordering 
transitions  in  liquid  crystals  upon  exposure  of  the  liquid  crystals  to  targeted  chemical  agents.  ARO  support  enabled  development  of  a 
fundamental  understanding  of  metal  ion-ligand  coordination  interactions  between  liquid  crystals  possessing  nitrile  groups  and  surfaces 
presenting  divalent  and  trivalent  carboxylate  complexes.  This  development  relied  heavily  on  the  use  of  infrared  spectroscopy  and  led  to  the 
design  of  chemically  tailored  surfaces  that  trigger  ordering  transitions  in  liquid  crystals  upon  exposure  to  parts-per-billion  concentrations  of 
dimethylmethylphosphonate  and  half  mustard.  Recent  experiments  performed  at  DSTL  have  also  demonstrated  that  these  principles  can  be 
extended  to  selectively  report  VX,  GB,  GD  and  GA. 
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Problem  Studied: 


This  research  was  directed  to  the  study  of  micrometer-thick  films  of  thermotropic  liquid 
crystals  that  were  supported  on  nanostructured  surfaces  decorated  with  metal  ion 
receptors  that  bind  both  liquid  crystals  and  sulfur  and  phosphorus-containing  compounds. 
This  research  sought  to  understand  and  design  competitive  molecular  interactions 
between  metal  ion  receptors,  liquid  crystals  and  targeted  analytes  that  lead  to  easily 
visualized  and  quantified  changes  in  the  orientations  of  films  of  liquid  crystals  upon 
exposure  to  sulfur  and  phosphorous-containing  compounds.  The  primary  objective  of  this 
research  was  to  demonstrate  principles  based  on  the  orientational  behavior  of  liquid 
crystals  at  chemically  functionalized  surfaces  for  passive  sensing  of  targeted  toxic  gases, 
including  chemical  warfare  agents.  Included  in  this  goal  was  the  systematic  study  of  the 
competitive  interactions  of  thermotropic  liquid  crystals  and  P-,  N-  and  S-containing 
compounds  with  surfaces  presenting  metal  carboxylates.  Emphasis  was  directed  to 
developing  principles  that  led  to  highly  sensitive  and  selective  ordering  transitions  in 
liquid  crystals  upon  exposure  of  the  liquid  crystals  to  targeted  chemical  agents.  ARO 
support  has  enabled  development  of  a  fundamental  understanding  of  metal  ion-ligand 
coordination  interactions  between  liquid  crystals  possessing  nitrile  groups  and  surfaces 
presenting  divalent  and  trivalent  carboxylate  complexes.  This  development  relied 
heavily  on  the  use  of  infrared  spectroscopy  (see  below  for  details)  and  has  led  to  the 
design  of  chemically  tailored  surfaces  that  trigger  ordering  transitions  in  liquid  crystals 
upon  exposure  to  parts-per-billion  concentrations  of  dimethylmethylphosphonate  and  half 
mustard.  Recent  experiments  performed  at  DSTL  demonstrate  that  these  principles  can 
be  extended  to  selectively  report  VX,  GB,  GD  and  GA 

Main  Accomplishments: 

Below  we  summarize  the  main  elements  of  our  accomplishments. 

1.  Sensitivity  and  Selectivity  of  the  Liquid  Crystal  “E7”  for  Detection  of 
Organophosphonates  We  investigated  the  orientational  response  of  the  liquid  crystal  E7 
to  DMMP.  E7  is  a  commercially  available  EC  that  exhibits  a  nematic  phase  from  -20°C 
to  +60“C.  We  tested  the  orientational  response  of  E7  supported  on  surfaces  presenting 
copper  carboxylate  to  dimethylmethyl-phosphonate  (DMMP)  at  various  concentrations  in 
the  parts-per-billions  range.  We  determined  that  the  sensitivity  of  E7  is  better  than  1  ppb. 
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with  an  onset  response  time  around  10  s.  Furthermore,  the  orientational  response  of  E7 
ean  be  obtained  without  precise  temperature  control  at  room  temperature.  We  have  also 
determined  that  E7  shows  good  selectivity.  It  does  not  respond  to  1%  of  saturated 
ethanol,  hexane  or  acetone,  and  it  does  not  respond  to  variations  in  humidity  (up  to 
-80%). 

2.  High  Throughput  Screening  of  Metal  Ion  Receptors  for  Target  Compounds: 

Correlation  of  Orientations  of  Eiquid  Crystals  to  Electron  Affinity  of  Metal  Ions. 

To  screen  for  additional  metal-ion  receptors  suitable  for  the  detection  of 
organophosphorous  and  organosulfur  compounds,  we  have  developed  a  simple  and 
relatively  high  throughput  screening  system  based  on  confinement  of  nematic  5CB  in 
TEM  gold  grids  (pitch  -  300  pm  and  depth  -  20  pm).  Before  exposure  to  DMMP,  only 
Cu^^,  Zn^^,  Cd^"^,  Ni^^,  Co^^,  Ea^^,  Al^"^,  Eu^"^  and  Ee^^  showed  homeotropic  anchoring. 

The  optical  appearance  of  the  EC  thin  films  supported  on  the  salts  correlated  well  with 
the  electron  affinities  of  metal  ions.  These  results  have  led  us  to  conclude  that  5CB  on 
metal  salts  exhibit  homeotropic  anchoring  when  the  electron  affinity  of  the  metal  ion 
exceeds  15.6  eV  and  exhibit  planar  (or  tilt)  anchoring  when  the  electron  affinity  is  below 
15.6  eV/s.  All  ECs  were  then  exposed  to  100  ppb  DMMP  vapor  for  1  h.  In  addition  to 
Cu^^,  we  have  identified  two  more  metal  ions,  Al^"^  and  Eu^^,  as  good  DMMP  receptors. 

2.  Polarization-Modulation  IR  reflectance-absorbance  spectroscopy  (PM-IRRAS) 

Studies  of  Liquid  Crystals  at  Surfaces  Relevant  to  Chemical  Sensing.  To  understand 
better  the  nature  of  the  interaction  between  the  liquid  crystal  and  the  metal  salts  decorated 
on  the  surfaces,  we  used  PM-lRRAS  to  compare  the  nitrile  stretch  peaks  (at  2230  cm'^)  of 
8CB  supported  on  metal  ions  complexed  to  carboxylate-terminated  SAMs.  In  the 
presence  of  copper  ions,  a  new  peak  emerged  at  2280  cm'\  providing  spectroscopic 
evidence  of  formation  of  a  Cu  -  nitrile  group  complex.  Similarly,  8CB  supported  on 
nickel  and  cadmium  showed  a  new  peak  at  2274  cm'^  and  2260  cm'^,  respectively.  In 
contrast,  8CB  supported  on  sodium  and  carboxylate-terminated  SAMs  without  metal  ions 
showed  no  new  nitrile  stretching  peak.  These  spectroscopic  measurements  correlate 
closely  with  our  observations  of  the  anchoring  of  5CB  on  metal  salts:  On  surfaces 
presenting  Cu^"^,  Ni^^,  and  Cd^"^,  5CB  exhibits  homeotropic  anchoring,  while  on  surfaces 
presenting  Na^  and  carboxylic  functional  groups,  5CB  exhibit  planar  (or  tilted)  anchoring. 

4.  Stability  of  Thin  Films  of  Smectic  Liquid  Crystals,  and  their 

Orientational  Response  to  DMMP.  Unlike  nematic  ECs,  smectic  ECs  form  stable. 
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micrometer-thick  films  when  deposited  onto  the  surfaces  of  solids.  Therefore,  thin  films 
of  the  smectic  LC,  4’-octyl-4-biphenyl-carbonitrile  (8CB)  supported  on  surfaces 
presenting  copper  ions  were  prepared  by  spin-coating  and  their  orientational  response  to 
DMMP  was  investigated.  We  concluded  that  the  system  permits  detection  of  DMMP  at 
concentrations  of  20  ppbv  with  response  times  of  20  s.  In  contrast,  LC  exposed  to 
nitrogen  shows  no  response.  Because  the  orientational  transition  is  reversible,  we  infer 
that  the  formation  of  the  DMMP-copper  ion  complex  is  also  reversible.  Our  study  also 
demonstrates  that  the  system  exhibits  molecular  specificity.  The  system  does  not  respond 
to  water  (up  to  75%  relative  humidity)  or  common  volatile  organic  compounds  (VOCs) 
such  as  ethanol,  hexane  and  acetone  (1%  saturated  vapor).  A  limitation  of  the  use  of 
smectic  liquid  crystals,  however,  appears  to  be  their  high  sensitivity  to  variations  in 
temperature.  The  orientational  transition  triggered  by  DMMP  was  observed  only  at 
temperatures  close  to  the  smectic-to-nematic  transition  point. 

5.  Frustrated  Structures  in  Liquid  Crystals:  Diffractive  Optics  for 

Stand-Off  Detection.  In  addition  to  forming  more  stable  thin  films  when  deposited  onto 
solid  substrates,  smectic  LCs  have  other  advantages  over  nematic  LCs  such  as  they 
diffract  light  strongly  and  give  hexagonal  diffraction  pattern  when  a  frustrated  structure  is 
formed  among  mesogens.  We  have  demonstrated  that  a  frustrated  structure  is  formed 
when  8CB  is  sandwiched  between  two  self-assembled  monolayers  which  give  8CB 
planar  and  homeotropic  orientations,  respectively.  Moreover,  we  showed  that  the 
hexagonal  diffraction  pattern  caused  by  the  frustration  structure  of  8CB  can  be  erased 
when  a  surface-driven  orientational  transition  of  8CB  is  triggered  by  the  binding  of 
DMMP  to  the  copper  ions.  The  results  of  this  study  suggest  an  approach  to  stand-off 
detection  of  organic  compounds  using  smectic  LCs.  Our  results  also  showed  hysteresis 
between  the  introduction  and  release  of  the  frustration  structure  when  surface-driven 
orientational  transitions  occur,  which  may  offer  an  explanation  for  the  temperature- 
sensitive  orientational  transition  in  8CB  film  as  described  above. 

6.  Detection  of  Half-Mustard  using  Liquid  Crystals.  The  high  throughput  system 
described  above  was  used  to  screen  metal-ion  receptors  for  the  detection  of  half  mustard 
gas  (2-chloroethyl  methyl  sulfide).  We  have  identified  four  metal  ions,  Cu^"^,  Eu^"^,  Al^^ 

-5_|_ 

and  Fe  as  good  receptors  for  half  mustard  gas  and  the  orientational  response  of  LCs 

supported  on  these  metal  ions  to  100  ppb  half  mustard  were  studied.  The  dynamic 

response  of  5CB  supported  on  metal  ions  has  the  following  order:  Cu^^  >  Eu  +  >  Al^+  > 

2-|- 

Fe  .  We  also  studied  the  initial  response  of  EC  supported  on  Cu  to  DMMP  vapor  from 
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10  ppb  to  1  ppm.  It  was  determined  that  the  sensitivity  of  5CB  is  approximately  3  ppb, 
and  the  time-dependent  intensity  of  light  transmission  through  5CB  films  correlates  well 
with  the  half-mustard  concentrations. 

7.  Competitive  Binding  of  Mesogens  and  DMMP  to  Metal  Ions  by  Transmission  FTIR. 
We  have  used  transmission  FTIR  to  study  the  competitive  binding  of  mesogens  and 
DMMP  to  metal  ions.  Metal  ions  of  perchlorate  salts  dissolved  in  benzonitrile  were 
chosen  as  our  model  system  to  mimic  LCs  supported  on  metal  ions  because  benzonitrile 
has  similar  chemical  functionality  to  5CB  and  8CB.  The  shift  in  the  absorption 
corresponding  to  the  nitrile  stretch  in  benzonitrile  solution  containing  metal  ions 
increased  with  the  increase  of  electron  affinities  of  metal  ions.  After  10  mM  of  DMMP 
was  added  to  the  benzonitrile,  the  new  peak  corresponding  to  the  metal  complex  of  nitrile 
groups  diminished.  These  FTIR  results  are  consistent  with  our  proposition  that  DMMP 
binds  stronger  to  metal  ions  and  displaced  the  weakly  bounded  nitrile  groups  from  metal 
ions. 

8.  Characterization  of  Binding  of  DMMP  to  Surfaces  Presenting  Cu2+  Salts.  We  have 
performed  some  new  experiments  aimed  at  providing  an  experimental  characterization  of 
the  competitive  binding  of  DMMP  to  surfaces  presenting  Cu2-l-  salts  complexed  to  5CB. 
We  have  fabricated  a  flow  cell  that  can  be  filled  with  known  concentrations  of  DMMP 
and  inserted  into  the  optical  path  of  our  PM-IRRAS  instrument.  We  have  obtained 
compelling  evidence  that  the  nitrile  group  of  the  liquid  crystal  is  perturbed  in  its 
coordination  with  Cu2-l-  upon  introduction  of  DMMP  into  the  system.  This  result 
provides  experimental  evidence  in  support  of  our  proposed  mechanism  of  competitive 
interactions  at  the  Cu2+  surface.  The  have  also  obtained  spectroscopic  evidence  of  the 
formation  of  a  coordination  complex  between  the  phosphoryl  group  of  DMMP  and  the 
Cu2+  ions  on  the  surface. 

9.  Influence  of  Chiral  Dopants.  We  believe  that  frustration  introduced  into  liquid  crystals 
by  the  addition  of  chiral  dopants  can  form  the  basis  of  passive  sensors  that  possess 
sensitivities  which  are  substantially  higher  than  those  that  we  have  already  demonstrated 
(ppb).  Towards  this  goal,  we  have  investigated  the  influence  of  chiral  dopants  on  surface 
driven  anchoring  transitions.  We  have  observed  that  surface  driven  anchoring  transitions 
lead  to  easily  observed  changes  in  the  characteristic  “fingerprint”  texture  of  a  chiral 
nematic  phase  of  liquid  crystal.  These  changes  in  the  fingerprint  pattern  may  also  provide 
avenues  to  measurements  of  the  strength  of  interaction  of  the  liquid  crystal  with  the 
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surface.  Measurements  of  strengths  of  interaetion  (anehoring  energies)  will  provide  a  new 
avenue  to  quantifieation  of  the  responses  of  LCs  to  target  gas  phase  analytes. 

10.  Demonstration  of  the  Application  of  Principles  to  Detection  ofVX,  GB,  GD  and  GA. 
In  Deeember  2005,  we  traveled  to  DSTL  at  Porton  Downs,  UK,  and  performed  feasibility 
studies  aimed  at  validation  of  our  approaehes  using  live  agents.  These  experiments  were 
suecessful,  leading  to  the  identifieation  of  metal  ions  and  liquid  erystals  that  permit 
detection  of  vapors  of  VX,  GD,  GB  and  GA. 
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